Abstract Cardiac mitochondrial dysfunction plays an important role in the pathology of myocardial infarction. The protective effects of caffeic acid on mitochondrial dysfunction in isoproterenol-induced myocardial infarction were studied in Wistar rats. Rats were pretreated with caffeic acid (15 mg/kg) for 10 days. After the pretreatment period, isoproterenol (100 mg/kg) was subcutaneously injected to rats at an interval of 24 h for 2 days to induce myocardial infarction. Isoproterenol-induced rats showed considerable increased levels of serum troponins and heart mitochondrial lipid peroxidation products and considerable decreased glutathione peroxidase and reduced glutathione. Also, considerably decreased activities of isocitrate, succinate, malate, α-ketoglutarate, and NADH dehydrogenases and cytochrome-C-oxidase were observed in the mitochondria of myocardial-infarcted rats. The mitochondrial calcium, cholesterol, free fatty acids, and triglycerides were considerably increased and adenosine triphosphate and phospholipids were considerably decreased in isoproterenol-induced rats. Caffeic acid pretreatment showed considerable protective effects on all the biochemical parameters studied. Myocardial infarct size was much reduced in caffeic acid pretreated isoproterenol-induced rats. Transmission electron microscopic findings also confirmed the protective effects of caffeic acid. The possible mechanisms of caffeic acid on cardiac mitochondria protection might be due to decreasing free radicals, increasing multienzyme activities, reduced glutathione, and adenosine triphosphate levels and maintaining lipids and calcium. In vitro studies also confirmed the free-radicalscavenging activity of caffeic acid. Thus, caffeic acid protected rat's heart mitochondria against isoproterenolinduced damage. This study may have a significant impact on myocardial-infarcted patients.
Introduction
Myocardial infarction (MI) continues to be a major public health problem, not only in Western countries but also increasingly in developing countries and it makes a significant contribution to the mortality statistics (Sabeena Farvin et al. 2004; Gilski and Borkenhagen 2005) . MI is the acute condition of necrosis of the myocardium that occurs as a result of imbalance between coronary blood supply and myocardial demand (De Bono and Boon 1992) . Isoproterenol (ISO), a β-adrenergic agonist causes oxidative stress in the myocardium resulting in gross and microscopic infarct in rat's heart muscle (Wexler and Greenberg 1978) . It has been reported that ISO produces free radicals and stimulates lipid peroxidation, which is a causative factor for irreversible damage to the myocardial membrane (Sushama Kumari et al. 1989) . The biochemical mechanism of cell injury and death of the myocardial cell after MI remains unresolved. By studying the biochemical alterations that take place in an animal model, it is possible to gain more insight into the mechanisms leading to the altered metabolic process in human MI.
Dietary factors play a vital role in the development of various human diseases including cardiovascular diseases (CVD). Recently, there has been an upsurge of interest to explore the cardioprotective potential of natural products (Karthikeyan et al. 2007 ). Natural products have lesser side effects than synthetic drugs. Phenolic acids have received much attention because of their role in the prevention of many human diseases, particularly atherosclerosis and cancer due to their antioxidant properties (Mattila and Kumpulainen 2002) . Hydroxy cinnamic acids are the major classes of phenolic compounds, which are found in almost every plant (Herrmann 1976) . The most representative of hydroxy cinnamic acids is caffeic acid (CA). Caffeic acid (3, 4-dihydroxy cinnamic acid) is one of the most common phenolic acids which occur in fruits, grains, and dietary supplements (Castellari et al. 2002) . The intake of CA from foods mainly from tomatoes and potatoes was estimated to be about 0.2 mg/kg body weight per day (National Research Council 1996) . Furthermore, CA exhibits multipharmacological effects such as antioxidant (Kono et al. 1997) , free radical scavenging (Gulcin 2006) , and chelator of metal ions (Psotova et al. 2003) . A previous scientific report has revealed that CA inhibits oxidation of lowdensity lipoprotein in vitro and might therefore protect against CVD (Nardini et al. 1995) .
Mitochondria are important subcellular organelles for cellular oxidative process and are also the main source of reactive oxygen species (ROS) in the cell. They are called as power house of the cell because they carry out a vital biochemical process called oxidative phosphorylation. Mitochondria are the main source of energy, which sustain cellular metabolism and integrity. The decrease in oxygen supply during MI impairs energy production by mitochondria. Mitochondria are the location of adenosine triphosphate (ATP) synthesis for energy production and electron transport chain. Prolonged oxidative stress in failing myocardium results in damage to mitochondrial DNA, ROS generation, and consequent cellular injury leading to functional decline. Thus, mitochondria serve both as a source and target of ROSmediated injury in failing heart. Defective mitochondrial function is a fundamental characteristic of the failing heart. ISO causes Ca 2+ overload in myocardium (Chagoya de Sanchez et al. 1997) , disruption of the mitochondria (Xia et al. 2002) , inactivation of tricarboxylic acid (TCA) cycle enzymes, alterations in mitochondrial respiration (Prabhu et al. 2006a, b) , and depletion of ATP.
The viability of the myocardial cell depends for most part on the integrity of several membrane systems. The major source of energy for contraction comes from the oxidative metabolism of mitochondria in the myocardial cell. For this reason, the function of mitochondria in MI is of particular interest. Studies also suggesting that benefit may be derived from the development of therapies aimed at preserving cardiac mitochondrial function (Murray et al. 2007 ). There are very few scientific reports available on the effect of phenolic acids and their mechanism in MI. Though several studies have been performed aiming at preserving cardiac mitochondrial function, to our knowledge there is no scientific study available on CA correlating cardiac mitochondrial function in myocardial-infarcted rats. The mechanism(s) of cardioprotective effect of CA is not fully investigated. A detailed study is necessary to know whether CA plays any protective role in the cardiac mitochondrial damage in MI. Since mitochondrial damage plays a vital role in the pathology of MI, we undertook this study to evaluate the protective effects of CA on troponins-T and I, heart mitochondrial lipid peroxidation, antioxidants, TCA cycle and respiratory marker enzymes, lipids, Ca 2+ , and ATP in ISO-induced myocardial-infarcted rats. Triphenyl tetrazolium chloride (TTC) assay on myocardial infarct size was also carried out to confirm the cardioprotective effects of CA. Furthermore, the protective effect of CA on the structure of heart mitochondria was studied by transmission electron microscopic (TEM) study. In addition to this, in vitro free-radical-scavenging effects on free radicals such as superoxide anion and hydroxyl radical were studied to know the underlying mechanism of CA.
Materials and methods

Drug and chemicals
Caffeic acid, isoproterenol hydrochloride, nitroblue tetrazolium, phenazine methosulfate, butylated hydroxy toluene, 1-chloro-2,4-dinitro benzene, 2,4-dinitro phenyl hydrazine, trisodium citrate, glutathione, potassium-α-ketoglutarate, thiamine pyrophosphate, sodium succinate, oxaloacetate, and cytochrome-C were purchased from Sigma Chemical Co., St. Louis, MO, USA. All other chemicals and solvents used were of highest analytical grade.
Experimental animals
The whole experiment was done according to the guidelines of the Committee for the Purpose of Control and Supervision of Experiments on Animals, New Delhi, India, and approved by the Animal Ethical Committee of Annamalai University (approval no.556: 20.3.2008) . The study was conducted on 40 male albino Wistar rats (Rattus norvegicus) weighing 170-200 g, obtained from the Central Animal House, Department of Experimental Medicine, Rajah Muthiah Institute of Health Sciences, Annamalai University, Tamil Nadu, India. They were housed in polypropylene cages (47×34×20 cm; four rats per cage) lined with husk, renewed every 24 h under a 12:12 h lightdark cycle at around 22°C and had free access to tap water and food. The rats were fed on a standard pelleted diet (Pranav Agro Industries Limited, Maharashtra, India). The diet provided metabolizable energy of 3,600 kcal.
Induction of experimental myocardial infarction
Isoproterenol (100 mg/kg) dissolved in saline was subcutaneously injected to rats at an interval of 24 h for 2 days. ISO-induced MI was confirmed by elevated levels of serum creatine kinase (CK), CK-MB, and lactate dehydrogenase in rats.
Experimental design and dosage fixation
A dose-dependent study conducted with three different doses of CA (5, 10, and 15 mg/kg) in ISO-induced rats showed significant effects on serum CK. But 15 mg/kg showed the highest significant (P<0.05) effect than the other two doses (5 and 10 mg/kg). Hence, we have chosen only 15 mg/kg for our further study. Forty male albino Wistar rats were divided into four groups. Ten rats were used in each group. Two rats in each group were taken for TTC study and two rats in each group were taken for TEM study. Group I: normal control rats; Group II: normal rats were treated with CA (15 mg/kg); Group III: rats were subcutaneously injected with ISO (100 mg/kg) twice at an interval of 24 h (on 11th and12th day); and Group IV: rats were pretreated with CA (15 mg/kg) and then subcutaneously injected with ISO at an interval of 24 h for 2 days (on 11th and 12th day). CA was dissolved in 0.5% dimethyl sulfoxide (DMSO) and administered to rats orally using an intragastric tube daily for a period of 10 days. Normal control and ISO control rats received 0.5% DMSO alone. The dosage fixation and duration of CA was based on our dose-dependent study (Fig. 1) .
At the end of the experimental period, after 12 h of second ISO injection (on 13th day), all the rats were anesthetized with pentobarbital sodium and sacrificed by cervical decapitation. Blood was collected and serum separated for various biochemical estimations. The heart was dissected out immediately and stored for mitochondrial isolation.
Estimation of serum cardiac troponins (cTnT and cTnI) and creatine kinase
The levels of serum cTnT and cTnI were estimated by chemiluminescence immunoassay using standard kits (Roche Diagnostics, Switzerland). Serum CK activity was assayed by a commercial kit obtained from Agappe Diagnostics, Kerala, India.
Isolation of heart mitochondria
The mitochondrial fraction of the heart tissue was isolated by the standard method of Takasawa et al. (1993) . The heart tissue was put into ice-cold 50 mM Tris-hydrochloric acid buffer (Tris-HCl; pH 7.4) containing 0.25 M sucrose and homogenized. The homogenates were centrifuged at 700×g for 20 min and then the supernatants obtained were centrifuged at 9,000×g for 15 min. Then, the pellets were washed with 10 mM Tris-HCl buffer (pH 7.8) containing 0.25 M sucrose and finally resuspended in the same buffer.
Estimation of lipid peroxidation products, antioxidants, mitochondrial enzymes, adenosine triphosphate, and protein content in heart mitochondrial fraction Group I normal control, Group II rats were treated with caffeic acid (5 mg/kg), Group III rats were treated with caffeic acid (10 mg/kg), Group IV rats were treated with caffeic acid (15 mg /kg), Group V ISO-treated rats (100 mg/kg), Group VI rats were pretreated with caffeic acid (5 mg/kg) + ISO (100 mg/kg), Group VII rats were pretreated with caffeic acid (10 mg/kg) + ISO(100 mg/kg), Group VIII rats were pretreated with caffeic acid (15 mg/kg) + ISO (100 mg/kg). Each column is mean ± SD for six rats in each group; columns that have different letters (a, b, c, d, e) Estimation of thiobarbituric acid reactive substances
The concentration of thiobarbituric acid reactive substances (TBARS) in the heart mitochondrial fraction was estimated by the method of Fraga et al. (1988) . One milliliter of the mitochondrial fraction was treated with 2.0 ml of thiobarbituric acid-trichloro aectic acid-hydrochloric acid reagent and mixed thoroughly. The mixture was kept in a boiling water bath for 15 min. After cooling, the tubes were centrifuged for 10 min and the supernatant was taken for measurement. The absorbance was read at 535 nm against the reagent blank.
Estimation of lipid hydroperoxide
The levels of lipid hydroperoxide (LOOH) in the heart mitochondrial fraction were estimated by the method of Jiang et al. (1992) . Fox reagent, 1.8 ml, was mixed with 0.2 ml of the heart mitochondrial fraction and incubated for 30 min at room temperature. The color developed was read at 560 nm.
Assay of glutathione peroxidase
The activity of glutathione peroxidase (GPx) in the heart mitochondrial fraction was assayed by the method of Rotruck et al. (1973) . To 0.2 ml of Tris buffer, 0.2 ml of ethylene diamine tetra acetic acid (EDTA), 0.1 ml of sodium azide, and 0.5 ml of mitochondrial fraction were added. To the mixture, 0.2 ml of glutathione followed by 0.1 ml of hydrogen peroxide (H 2 O 2 ) was also added. The contents were mixed well and incubated at 37°C for 10 min along with a tube containing all the reagents except the sample. After 10 min, the reaction was arrested by the addition of 0.5 ml of 10% trichloro acetic acid (TCA), centrifuged, and the supernatant was used for the estimation of glutathione by the method of Ellman (1959) .
Estimation of reduced glutathione
The level of glutathione (GSH) in the heart mitochondrial fraction was estimated by the method of Ellman (1959) . Mitochondrial fraction, 0.5 ml, was pipetted out and precipitated with 2.0 ml of 5% TCA. After centrifugation, 1.0 ml of the supernatant was taken and added 0.5 ml of Ellman's reagent and 3.0 ml of phosphate buffer. The yellow color developed was read at 412 nm.
Assay of isocitrate dehydrogenase
The activity of isocitrate dehydrogenase (ICDH) in the heart mitochondrial fraction was assayed in the heart mitochondria by the method of King (1965) . The incubation mixture contained 0.4 ml of Tris-HCl buffer, 0.2 ml of substrate, 0.2 ml of manganese chloride, 0.2 ml of nicotinamide adenine dinucleotide phosphate (NADP + ), and 0.2 ml of mitochondrial fraction. The NADP + was replaced by 0.2 ml of saline in tubes labeled as control. A suitable aliquot of enzyme preparation was added and mixed well. The tubes were then incubated at 37°C for 60 min. At the end of the incubation period, 1.0 ml of the coloring reagent and 0.5 ml of EDTA were added. The contents of the tubes were mixed well and allowed to stand at room temperature for 20 min and 10 ml of 0.4 N sodium hydroxide (NaOH) was added and the color intensity was read at 420 nm after 10 min in a UV-spectrophotometer.
Assay of succinate dehydrogenase
The activity of succinate dehydrogenase (SDH) in the heart mitochondrial fraction was assayed by the method of Slater and Borner (1952) . The reaction mixture contained 1.0 ml of phosphate buffer, 0.1 ml of EDTA, 0.1 ml of sodium cyanide, 0.1 ml of bovine serum albumin, 0.3 ml of sodium succinate, 0.2 ml of potassium ferricyanide, and made up to 2.8 ml with distilled water. The reaction was initiated by the addition of 0.2 ml of mitochondrial fraction. The change in optical density was recorded at 15-s intervals for 5 min at 420 nm.
Assay of malate dehydrogenase
The activity of malate dehydrogenase (MDH) in the heart mitochondrial fraction was assayed by the method of Mehler et al. (1948) . The reaction mixture contained 0.75 ml of phosphate buffer, 0.15 ml of reduced nicotinamide adenine dinucleotide (NADH), and 0.75 ml of oxaloacetate. The reaction was done at 25°C and was started by the addition of 0.2 ml of mitochondrial fraction. The control tubes contained all reagents except NADH. The change in optical density at 340 nm was measured for 2 min at an interval of 15 s in a Systronics UV-visible spectrophotometer.
Assay of α-ketoglutarate dehydrogenase
The activity of α-ketoglutarate dehydrogenase (α-KGDH) in the heart mitochondrial fraction was assayed by the method of Reed and Mukherjee (1969) . The incubation mixture contained 0.1 ml of phosphate buffer, 0.1 ml of thiamine pyrophosphate, 0.1 ml of magnesium sulfate, 0.1 ml potassium α-ketoglutarate, and 0.1 ml of potassium ferricyanide and distilled water to a final volume of 1.4 ml. A suitable aliquot of the mitochondrial fraction was added in test, while it was replaced by distilled water in the control. The mixture was then incubated at 30°C for 30 min. At the end of this period, the reaction was terminated by the addition of 1.0 ml of 10% TCA. The mitochondrial fraction was added to the control after TCA was added. The mitochondrial fraction was centrifuged. To this, 1.0 ml of supernatant, 1.0 ml of 10% TCA, 1.5 ml of distilled water, 1.0 ml of 4% duponol, and 0.5 ml of ferric ammonium sulfate-duponol reagent were added. Then, the tubes were allowed to stand at room temperature for 30 min. The color intensity was measured at 540 nm in a spectrophotometer.
Assay of reduced nicotinamide adenine dinucleotide dehydrogenase
The activity of nicotinamide adenine dinucleotide dehydrogenase (NADH dehydrogenase) in the heart mitochondrial fraction was assayed according to the method of Minakami et al. (1962) . The reaction mixture contained 1.0 ml of phosphate buffer, 0.1 ml of potassium ferricyanide, 0.1 ml of NADH, and 0.2 ml of mitochondrial fraction. The total volume was made up to 3.0 ml with distilled water. NADH was added just before the addition of the mitochondrial fraction. A control was also treated similarly without NADH. The change in optical density was measured at 420 nm as a function of time for 3 min at an interval of 15 s in a Systronics UV-visible spectrophotometer.
Assay of cytochrome-C-oxidase
The activity of cytochrome-C-oxidase in the heart mitochondrial fraction was assayed by the method of Pearl et al. (1963) . The reaction mixture contained 1.0 ml of phosphate buffer, 0.2 ml of 0.2% N-phenyl-p-phenylene diamine, 0.1 ml of 0.01% cytochrome-C, and 0.5 ml of distilled water. The mitochondrial fraction was incubated at 25°C for 5 min. Mitochondrial fraction, 0.2 ml, was added and change in optical density was recorded at 550 nm for 5 min at an interval of 15 s each. A control containing all the reagents except cytochrome-C was also processed in the similar manner.
Estimation of adenosine triphosphate ATP concentration in the heart mitochondrial fraction was measured by the method of Williams and Coorkey (1967) . The incubation mixture contained 2 ml of buffer (pH 7.4), 10 mM magnesium chloride, 5 mM EDTA, 10 μl of adenosine diphosphate, and 5 μl of glucose-6-phosphate dehydrogenase. It was mixed thoroughly and the fluorescence was recorded. Then 5 μl of hexokinase and 10 μl of ATP were added and the increase in fluorescence at 340 nm was recorded.
Estimation of calcium
The level of Ca 2+ ion in the heart mitochondrial fraction was measured by the O-Cresolphthalein complexone method by a reagent kit purchased from Span Diagnostic Limited, India.
Estimation of protein in the heart mitochondrial fraction Protein content in the mitochondrial fraction was estimated by the method of Lowry et al. (1951) . Mitochondrial fraction, 0.5 ml, was precipitated with 0.5 ml of 10% TCA, centrifuged for 10 min, and the precipitate was dissolved in 1.0 ml of 0.1 N NaOH. Aliquot, 0.1 ml, was taken and made up to 1.0 ml with distilled water. Then, 4.5 ml of alkaline copper reagent was added and allowed to stand at room temperature for 10 min. After incubation, 0.5 ml of Folin-Ciocalteau reagent was added and the blue color developed was read at 620 nm after 20 min.
Extraction of lipids and estimation of cholesterol, free fatty acids, triglycerides, and phospholipids in the heart mitochondrial fraction
Extraction of lipids
Lipids were extracted from the heart mitochondrial fraction by the method of Folch et al. (1957) .
Estimation of total cholesterol
The levels of total cholesterol were estimated by the method of Zlatkis et al. (1953) . Of the mitochondrial fraction, 0.5 ml was evaporated to dryness. To this, 5.0 ml of ferric chloride-acetic acid reagent was added. After mixing well, 3.0 ml of concentrated sulfuric acid (H 2 SO 4 ) was added and the absorbance was read at 560 nm after 20 min. A series of standards containing cholesterol in the range of 3-15 μg were made to 5.0 ml with the reagent and a blank containing 5.0 ml of the reagent was prepared.
Estimation of free fatty acids
Free fatty acids (FFAs) levels were estimated by the method of Falholt et al. (1973) . Of the mitochondrial fraction, 0.5 ml was evaporated to dryness. To this, accurately 1.0 ml of phosphate buffer, 6.0 ml of extraction solvent, and 2.5 ml of copper reagent were added. All the tubes were shaken vigorously for 90 s and were kept aside for 15 min. Then, the tubes were centrifuged and 3.0 ml of the upper layer was transferred to another tube containing 0.5 ml diphenyl carbazide solution and mixed carefully. The absorbance was read at 550 nm after 15 min. One milliliter of phosphate buffer was treated as blank.
Estimation of triglycerides
Triglycerides (TGs) levels were estimated by the method of Fossati and Prencipe (1982) . Of the mitochondrial fraction, 0.5 ml was evaporated to dryness. To this, 0.1 ml of methanol was added followed by 4.0 ml of isopropanol. About 0.4 g of alumina was added to all the tubes and shaken well for 15 min. It was centrifuged and 2.0 ml of the supernatant was transferred to appropriately labeled tubes. The tubes were placed in a water bath at 65°C for 15 min for saponification after adding 0.6 ml of the saponification reagent followed by 0.5 ml of acetyl acetone reagent. After mixing, the tubes were kept in a water bath at 65°C for an hour. A series of standards of concentration 8-40 μg triolein were treated similarly along with a blank containing only the reagents. All the tubes were cooled and read at 405 nm.
Estimation of phospholipids
Phospholipids (PLs) levels were estimated by the method of Zilversmit and Davis (1950) . Of the mitochondrial fraction, 0.5 ml was pipetted into a Kjeldahl flask and evaporated to dryness. One milliliter of 5 N H 2 SO 4 was added and digested in a digestion rack till the appearance of light brown color. Two to three drops of concentrated nitric acid was added and the digestion continued till it became colorless. The Kjeldahl flask was cooled and 1.0 ml of distilled water was added and heated in a boiling water bath for about 5 min. Then, 1.0 ml of 2.5% ammonium molybdate and 0.1 ml of 1-amino-2-naphthol-4-sulphonic acid were added. The volume was then made up to 5.0 ml with distilled water and the absorbance was measured at 660 nm within 10 min.
TTC assay
A section of the heart tissue was used for the TTC assay. The macroscopic enzyme-mapping assay (TTC test) of the infarcted myocardium was done according to the method of Lie et al. (1975) . A freshly prepared solution of 1% TTC in phosphate buffer was prewarmed at 37-40°C for 30 min in a darkened glass. To remove excess blood, the heart tissues were washed rapidly in cold water without macerating the tissue. After removing epicardial fat, the left ventricle was taken separately. The heart was transversely cut across the left ventricle to obtain slices not more than 0.1-0.2 mm in thickness. Then, the heart tissue slices were kept in the covered, darkened glass dish containing prewarmed solution of TTC and the dish was kept in an incubator and heated to 37-40°C for 45 min. The heart slices were turned over thrice and made certain that it remains completely immersed in the TTC solution. At the end of the incubation period, the heart slices were kept in fixing solution to fix the tissue. A camera with macrolens was used to take color photographs of heart slices. The expected reaction of the TTC test was as follows: normal myocardium (LDH enzyme active) turned to bright red, ischemic myocardium (LDH enzyme deficient) turned to pale gray or uncolored and fibrous scars turned to white.
TEM study
Small pieces of heart were taken and rinsed in 0.1 M phosphate buffer (pH 7.2). Approximately, 1 mm heart pieces were trimmed and immediately fixed into 3% icecold glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) and kept at 4°C for 12 h. Then, tissue processing for TEM study was carried out. The grids containing sections were stained with 2% uranyl acetate and 0.2% lead acetate. Then, the sections were examined under a TEM (×20,000).
In vitro studies
Superoxide anion scavenging assay O À 2
À Á
The O À 2 scavenging activity of CA was determined by the method of Nishikimi et al. (1972) with slight modifications. One milliliter of nitro blue tetrazolium (NBT; 100 μM of NBT in 100 mM PO 4 buffer, pH 7.4), 1 ml of NADH (14.68 μM of NADH in 100 mM phosphate buffer, pH 7.4) and varying volumes of CA (20-100 μM) were mixed well. The reaction was started by the addition of 100 μM of phenazine methosulfate. The reaction mixture was incubated at 30°C for 15 min. The absorbance was measured at 560 nm in a spectrophotometer with reagent blank containing double-distilled water instead of CA. Decreased absorbance of the reaction mixture indicates increased O À 2 scavenging.
Hydroxyl radical OH ð Þ scavenging assay
The OH scavenging activity was determined by the method of Halliwell et al. (1987) . The incubation mixture in a total volume of 1 ml contained 0.1 ml of 100 mM potassium dihydrogen phosphate-dipotassium hydrogen phosphate buffer, varying volumes of CA (20, 40, 60, 80 , and 100 μM), 0.2 ml of 500 mM ferric chloride, 0.1 ml of 1 mM ascorbic acid, 0.1 ml of 1 mM EDTA, 0.1 ml of 10 mM H 2 O 2 , and 0.2 ml of 2-deoxyribose. The contents were mixed thoroughly and incubated at room temperature for 60 min, then added with 1 ml of 1% thiobarbituric acid (1 g in 100 ml of 0.05 N NaOH) and 1 ml of 28% TCA. All the tubes were kept in a boiling water bath for 30 min. The absorbance was read in a spectrophotometer at 532 nm with reagent blank containing distilled water instead of CA. Decreased absorbance of the reaction mixture indicates increased OH scavenging activity.
Statistical analysis
Statistical analysis was performed by one-way analysis of variance followed by Duncan's multiple range test using Statistical Package for the Social Science software package version 12.00. Results were expressed as mean ± SD for six rats in each group. P values <0.05 were considered significant.
Results Figure 1 shows the dose-dependent effect of CA in normal and experimental rats. The activity of serum CK was considerably (P < 0.05) increased in ISO-induced rats compared to normal control rats. Pretreatment with CA (5, 10, and 15 mg/kg) daily for a period of 10 days considerably (P<0.05) decreased the activity of serum CK in ISO-induced rats compared to ISO-induced rats. The effect exerted by 15 mg/kg of CA was better than the other two doses (5 and 10 mg/kg). Oral administration of CA (5, 10, and 15 mg/kg) to normal rats did not show any effect compared to normal control rats. Hence, 15 mg/kg of CA showed the highest considerable effect, we have chosen only 15 mg/kg for our further study. Figure 2 depicts the levels of serum cTnT and cTnI in normal and ISO-treated rats. Rats treated with ISO showed considerable (P<0.05) elevation in the levels of serum cTnT and cTnI compared to normal control rats. Pretreatment with CA (15 mg/kg) daily for a period of 10 days to ISO-induced rats showed considerable (P<0.05) decrease in the levels of serum cTnT and cTnI in ISO-induced rats compared with ISO alone treated rats.
Rats treated with ISO showed considerable (P<0.05) increased levels of TBARS and LOOH in the heart mitochondria compared to normal control rats. Oral pretreatment with CA (15 mg/kg) to ISO-induced rats considerably (P<0.05) decreased the levels of TBARS and LOOH in the heart mitochondria compared with ISO alone induced rats (Fig. 3) .
Rats treated with ISO showed considerable (P<0.05) decrease in the activity of GPx and the level of GSH in the heart mitochondria compared to normal control rats. Pretreatment with CA (15 mg/kg) to ISO-induced rats considerably (P<0.05) increased the activity of GPx and the levels of GSH in the heart mitochondria compared to ISO alone induced rats (Fig. 4) .
In ISO-treated rat's heart mitochondria, the activities of ICDH, SDH, MDH, α-KGDH, NADH dehydrogenases (Fig. 5) , and cytochrome-C-oxidase (Fig. 6 ) were decreased considerably (P<0.05) compared to normal control rats. Pretreatment with CA (15 mg/kg) to ISO-induced rats considerably (P<0.05) increased the activities of these enzymes compared to ISO alone induced rats.
The levels of Ca 2+ were considerably (P<0.05) increased and the levels of ATP were considerably (P<0.05) decreased in the heart mitochondria of ISO-induced rats. CA (15 mg/kg) pretreatment considerably (P<0.05) decreased the levels of Ca 2+ and considerably (P<0.05) increased the levels of ATP in the heart mitochondria of ISO-induced rats (Fig. 7 ) compared to ISO alone induced rats. Figure 8 shows the levels of cholesterol, FFAs, TGs, and phospholipids in the heart mitochondria of normal and experimental rats. Rats treated with ISO showed considerable (P<0.05) increased levels of cholesterol, FFAs, and TGs and considerable (P<0.05) decreased levels of PLs in the heart mitochondria compared to normal control rats. Oral pretreatment with CA (15 mg/kg) to ISO-induced rats considerably (P<0.05) decreased the levels of cholesterol, FFAs, and TGs and significantly (P<0.05) increased the levels of PLs in the heart mitochondria compared with ISO alone induced rats.
The size of the myocardial infarct determined by TTC macroscopic enzyme-mapping assay on the sections of heart is shown in Fig. 9a-d . Figure 9a indicates the section of the heart from normal control rats (Group I) with completely viable myocardial tissue stained with TTC to indicate the presence of LDH (bright red) and intact myocardial tissue. Figure 9b indicates the section of heart from rats pretreated with CA (Group II) shows results similar to that of normal control rats. Figure 9c shows the section of heart from ISO-induced rats (Group III). Infarcted tissues are clearly visible, pale gray, or colorless. Infarcted tissues do not stain with TTC because the enzyme LDH is leaked out from that area. Figure 9d shows the section of heart tissue of CA-pretreated rats administered with ISO (Group IV). A major portion of heart tissue stained positively for viability (mild LDH enzyme leakage) and the myocardial infarct size was much reduced. The results of Fig. 9d clearly revealed that prior oral adminis- Fig. 4 Activity of heart mitochondria glutathione peroxidase (GPx) and the levels of reduced glutathione (GSH). Group I normal control, Group II rats were treated with caffeic acid (15 mg/kg), Group III ISOtreated rats (100 mg/kg), Group IV rats were pretreated with caffeic acid (15 mg/kg)+ISO (100 mg/kg). Each column is mean ± SD for six rats in each group; columns that have different letter (a, b, c) differ significantly with each other (P<0.05; Duncan's multiple range test) tration of CA might have prevented membrane damage by ISO, thereby reducing myocardial infarct size and maintaining normal myocardial membrane structural and functional integrity (Group IV).
GPx GSH
In the present study, the TEM images of the normal heart mitochondria (Group I) showed normal mitochondria with even arrangement of cristae (Fig. 10a) . Normal rats treated with CA (Group II) showed normal mitochondria with intact myofibrils (Fig. 10b) . But, ISO-induced rats (Group III) showed loss of cristae and swelling of mitochondria with change in shape and size (Fig. 10c) . ISO-induced rats (Group III) also showed complete loss of cristae, mitochondrial damage with vacuolation ( Fig. 10c (1) ). CApretreated rats administered with ISO (Group IV) showed near normal mitochondria architecture with myofibrils (Fig. 10d) . Figure 11 shows the percentage in vitro scavenging effects of CA on O À 2 and OH . As shown in Fig. 11 , CA scavenged these free radicals in vitro in a concentrationdependent manner (20, 40, 60, 80 , and 100 µM). The percentage scavenging activity of CA was increased with increasing concentration. The percentage scavenging effects of CA on O À 2 at various concentrations of 20, 40, 60, 80, and 100 µM were found to be 16.67, 32.34, 47.81, 66.68, and 82.35 , respectively. Furthermore, CA showed OH scavenging effect in a dose-dependent manner (13.5%, 27.5%, 41.5%, 54.5%, and 68.5% for 20, 40, 60, 80, and 100 µM of CA). Thus, CA at the dose of 100 µM For all the biochemical parameters studied, CA (15 mg/ kg) administration to normal rats did not show any significant effect. Also, administration of CA did not alter the structure of cardiac mitochondria. No changes were also observed in the myocardium (TTC assay).
Discussion
Previously, we reported the protective effects of CA on lipid peroxidation, antioxidants, and histopathological changes in the heart tissue of ISO-treated myocardialinfarcted rats (Senthil Kumaran and Stanely Mainzen Prince 2010). But in this study, we evaluated lipid peroxidation, antioxidants, marker enzymes of mitochondria, Ca 2+ , ATP, and lipids in the mitochondrial fraction of the heart. We also studied the protective effect of CA on the structure of heart mitochondria by TEM study and determined the infarct size of myocardium. In addition, in vitro studies on O À 2 and OH were done to know the underlying mechanism of CA.
Thus, the present study is done in mitochondrial fraction of the heart and entirely different from the previous study which was done with total heart tissue. In this study, we investigated more insight into the mechanisms of CA in ISO-induced myocardial-infarcted rats. The present study revealed pretreatment with CA protected cardiac mitochondria in ISO-treated rats. A Fig. 7 Levels of calcium and adenosine triphosphate in heart mitochondria. Group I normal control, Group II rats were treated with caffeic acid (15 mg/kg), Group III ISOtreated rats (100 mg/kg), Group IV rats were pretreated with caffeic acid (15 mg/kg)+ISO (100 mg/kg). Each column is mean ± SD for six rats in each group; columns that have different letters ( Levels of lipids in the heart mitochondria. Group I normal control, Group II rats were treated with caffeic acid (15 mg/kg), Group III ISOtreated rats (100 mg/kg), Group IV rats were pretreated with caffeic acid (15 mg/kg) + ISO (100 mg/kg). Each column is mean ± SD for six rats in each group; columns that have different letters (a, b, c) differ significantly with each other (P<0.05; Duncan's multiple range test) Fig. 9 a-d Triphenyl tetrazolium chloride-macroscopic enzyme-mapping assay of heart. a Normal control rats heart showing completely viable myocardial tissue (LDH enzyme active) without infarction (Group I). b Normal rats treated with caffeic acid (15 mg/kg) heart showing results similar to that of normal control rats (LDH enzyme active; Group II). c ISO-treated rat's (100 mg/kg), heart showing infarcted tissue does not stain with triphenyl tetrazolium chloride (enormous LDH enzyme leakage; Group III). d Rats pretreated with caffeic acid (15 mg/kg) to ISOtreated rats showing heart tissue stained positively for viability (mild LDH enzyme leakage) and much reduced infarct size (Group IV) Fig. 10 (a, b, c, c 1 , d , e) Transmission electron microscopic study on the structure of heart mitochondria. a Normal mitochondria with even arrangement of cristae (Group I; ×20,000). b Normal rats administered with caffeic acid showing normal mitochondria with intact myofibrils (Group II; ×20,000). c ISO-treated rats showing loss of cristae and swelling of mitochondria and change in shape and size (Group III; ×20,000). c 1 ISO-treated rat also showing complete loss of cristae, mitochondrial damage with vacuolation (Group III; ×20,000). d Caffeic-acidpretreated rats administered ISO showing near normal mitochondrial architecture with myofibrils (Group IV; ×20,000) dose-dependent study was conducted with three different doses on the effect of CA (5, 10, and 15 mg/kg) in CK activity in ISO-treated rats. ISO causes an increase in the activity of serum CK. The increased activity of this enzyme in serum might be due to ISO-induced myocardial necrosis. Pretreatment with CA (5, 10, and15 mg/kg) dose dependently decreased the activity of serum CK in ISO-treated rats. But 15 mg/kg of CA elicited highest significant effect in reducing serum CK activity than the other two doses (5 and 10 mg/kg), we have chosen 15 mg/kg for our further study. The primary function of measuring cardiac markers in blood is to detect the presence of myocardial injury. Cardiac troponins T and I have been shown to be highly sensitive and specific markers of myocardial cell injury (Alpert et al. 2000) . These are contractile proteins that normally not found in the blood. They are released when myocardial necrosis occurs (Gupta and De Lemos 2007; Bertinchant et al. 2000) . The observed increased levels of cardiac troponins T and I might be due to ISO-induced cardiac damage. Pretreatment with CA (15 mg/kg) decreased the levels of serum troponins T and I in ISOinduced rats. The observed effect of CA on CK and cardiac troponins T and I reveals the cardioprotective effect of CA due to its antioxidant action.
ISO induces oxidative stress and results in alterations of cardiac function and ultrastructure in experimental rats (Suchalatha et al. 2004) . The positive inotropic and positive chronotropic response of ISO augments myocardial oxygen consumption (Harada et al. 1993) . The increase in energy demands (Prabhu et al. 2000) and the decrease in blood flow induce an energy imbalance by the Ca 2+ overload (Chagoya de Sanchez et al. 1997) . This is accompanied by disruption of the mitochondria (Xia et al. 2002) , with inactivation of TCA cycle enzymes and altered mitochondrial respiration (Prabhu et al. 2006a, b) . Targeting the mitochondrial respiratory chain whose activity is decreased in ischemic conditions is a new approach with huge therapeutic prospective. Sparing of high-energy phosphates such as ATP during ischemia would preserve cellular integrity and functions during ischemia, but would also prevent ROS formation during reperfusion and full recovery. Due to ubiquitous localization and need for mitochondria, this approach may be useful for every pathological situation where ischemia takes place (Suchalatha et al. 2007) .
Mitochondrial membrane contains relatively large amount of polyunsaturated fatty acids (PUFAs) in its phospholipids, which are highly susceptible to lipid peroxidation, an important deterioration in biological membrane (Halliwell and Gutteridge 1990) . ISO induces lipid peroxidation in mitochondrial membrane (Tappel 1973) . The process of lipid peroxidation is one of oxidative conversion of PUFAs to products known as malondialdehyde, which is usually measured as TBARS or lipid peroxides, which is the most studied, biologically relevant, free radical reaction (Bakan et al. 2002) . The present study also showed that mitochondrial lipid peroxidation products (TBARS and LOOH) were increased during ISO administration. An increase in mitochondrial lipid peroxide level indicates enhanced lipid peroxidation by free radicals generated on ISO administration. Activated lipid peroxidation is an important pathogenic event in MI and the levels of lipid peroxide reflect the major stages of disease and its complications. CA pretreatment protected the heart mitochondrial membrane against lipid peroxidative damage by reducing the ISO-treated lipid peroxidation. The mainte- nance of mitochondrial lipid peroxide levels could be due to the ability of CA to scavenge free radicals. ISO metabolism produces quinones, which reacts with oxygen to produce superoxide anions and H 2 O 2 leading to oxidative stress and depletion of the endogenous antioxidant system. Depletion of mitochondrial GSH level seems to be a major mechanism for inducing an imbalance of mitochondrial function. A decrease in the activity of GPx makes mitochondria more susceptible to the ISO-induced damage, which leads to change in mitochondrial composition and function. The decrease in the activity of GPx observed in the ISO-induced rats is due to the reduced availability of its substrate, GSH. In this context, decreased levels of GSH were observed in the heart mitochondria of ISO-treated rats. Prior oral treatment with CA increased the activity of GPx and maintained the concentration of GSH in the ISO-induced rats. Increasing intracellular GSH can prevent cellular and mitochondrial damage. Thus, the increased levels of GSH prevented mitochondrial damage and protected cardiac mitochondria. This effect might be due to the antioxidant property of CA.
Decreased activities of TCA cycle enzymes were noted in ISO-treated rats. Reductions in the activities of TCA cycle enzymes prove a defect in aerobic oxidation of pyruvate, which might result in low production of ATP molecules. If oxygen delivery is interrupted and the balance between ATP production and consumption is disturbed, ATP concentration will decline and adenosine diphosphate, adenosine monophosphate, adenosine, and inorganic phosphate levels increase shifting from aerobic respiration to anaerobic glycolysis (Zarco and Henar Zarco 1996) . ISO has been reported to cause tissue hypoxia, where there is oxygen demand and in hypoxic state the activities of TCA cycle enzymes are expected to be low (Manjula and Devi 1993) . TCA cycle enzymes have been affected by free radicals produced by ISO. The enhanced activities of TCA cycle enzymes in CA-pretreated ISO-induced rats could be due to the ability of CA to scavenge ROS. Cytochrome-C-oxidase and NADH dehydrogenase are involved in the synthesis of ATP and are present in the inner mitochondrial membrane. These enzymes have an absolute requirement of cardiolipin for their activity. NADH dehydrogenase is an auto-oxidizable electron carrier responsible for a portion of free radical production in the mitochondria. Increased lipid peroxidation decreases the levels of total and readily oxidizable lipid, i.e., cardiolipin. The unavailability of cardiolipin lowers the activity of cytochrome-C-oxidase and NADH dehydrogenase in ISO-treated rats (Suchalatha et al. 2007 ). CA pretreatment was observed to prevent the decreased activities of cytochrome-C-oxidase and NADH dehydrogenase, due to the preventive action of CA on membrane phospholipid degradation. Thus, the improved activities of these enzymes might be one of the reasons for restoring normal mitochondrial function.
Mitochondrial calcium influx is one of the most common factors of inducing mitochondrial-derived ROS generation. The observed increased levels of mitochondrial calcium could be due to enhanced Ca 2+ uptake by ISO-treated rats. The increased levels of heart mitochondria Ca 2+ may inhibit the electron transport and oxidative phosphorylation or activate the key enzymes responsible for ROS generation leading to overproduction of ROS (Bel Chenko et al. 1990 ). There is a close association between ATP depletion and the metabolic changes on the onset of irreversible myocardial injury. During ischemia, a decrease in ATP content results in swelling, loss of ionic gradients, and alterations in mitochondrial membrane structure and function (Starkov et al. 2002 ). An increase in Ca 2+ level (Sangeetha and Darlin Quine 2009 ) and a decrease in ATP level in heart mitochondria was also reported earlier in ISO-treated rats (Sivakumar et al. 2008) . Pretreatment with CA decreased the levels of mitochondria Ca 2+ and increased the levels of mitochondria ATP. The observed increased activities of TCA cycle and respiratory chain enzymes also resulted in increased levels of ATP in CA-pretreated ISO-treated rats. Thus, decreased levels of Ca 2+ and increased levels of ATP in CA-pretreated ISO-induced rats maintains normal mitochondrial function and structure and this might be another reason for the protection of cardiac mitochondria.
Enhanced oxidative stress causes damage to the mitochondria resulting in the modification of mitochondrial lipids (Richter et al. 1988 ). Significant increased levels of mitochondrial cholesterol, FFAs, and TGs were observed in ISO-treated rats. Administration of ISO enhanced the levels of mitochondrial lipids, which is a clear evidence for altered cardiac function and ultrastructure. Sathish et al. (2003) have reported that the increase in the mitochondrial cholesterol content suggests the redistribution of cholesterol in the ischemic cell. The observed decreased concentration of phospholipids in cardiac mitochondrial fraction is due to enhanced activity of phospholipase A 2 activity by Ca 2+ , which is an inducer of phospholipase A 2 . The increased level of FFAs is a consequence of changes in myocardial lipid metabolism. Excess free fatty acids inhibit respiratory activity and depress cardiac function in ischemic condition. In ischemic heart, hydrolysis of PLs prevails in myocardial mitochondria. These changes in the metabolism of the subcellular fractions may lead to damage of the membranes of the cardiac myocyte mitochondria. Oral pretreatment with CA restored the levels of mitochondrial lipids, indicating the activity of CA on maintaining the stability and integrity of mitochondrial membrane in the ISOinduced rats.
TTC staining is a well-accepted method to determine myocardial infarct size, which provides a reliable index of necrosis (Prabhu et al. 2006a, b) . Myocardial necrosis can be detected by direct staining using TTC dye, which forms a red formazan precipitate with LDH of the viable myocardial tissue whereas the infarcted myocardium fails to stain with TTC. ISO-induced rat's heart showed increased myocardial infarct size with less TTC absorbing capacity, thus indicating a significant leakage of LDH as compared to normal control rats. CA (15 mg/kg) pretreatment decreased the infarct size with increased TTC absorbing capacity, thus indicating a mild leakage of LDH as compared to normal control rats. Thus, CA prevented membrane damage and decreased myocardial infarct size and protected the heart from ISO-treated MI.
TEM study of ISO-induced rats showed loss of cristae and swelling of mitochondria with change in shape and size. ISO-induced rats also showed complete loss of cristae, mitochondrial damage with vacuolation. CA-pretreated rats administered ISO showed near normal mitochondrial architecture with myofibrils. Thus, CA protected the structure of cardiac mitochondria.
ISO metabolism produces free radicals such as O Thus, CA reduced the extent of mitochondrial damage induced by ISO and restored normal cardiac mitochondrial function. The possible mechanisms for the observed effects of CA could be due to quenching the free radicals, improving multienzyme activities, increasing GSH levels, lowering lipids and Ca 2+ and increasing ATP thereby improving cardiac mitochondrial structure and function. CA pretreatment also showed protective effects on cardiac troponins and CK in ISO-treated rats. In vitro studies also confirmed the free radical scavenging effects of CA.
In conclusion, these results suggest that CA could maintain cardiac mitochondrial structure and function in ISO-treated cardio toxic rats. This can also be evidenced from TEM photos of normal control and experimental rats. CA also decreased myocardial infarct size and protected heart from ISO-treated myocardial infarction. According to this study, CA does not have any adverse effects up to 15 mg/kg. Thus, it is a safe antioxidant. A diet containing CA may be beneficial to the heart. This study may provide a useful therapeutic option in myocardial infarction.
